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ABSTRACT: We propose an innovative method for proton radiography based on nuclear 
emulsion film detectors, a technique in which images are obtained by measuring the position 
and the residual range of protons passing through the patient’s body. For this purpose, nuclear 
emulsion films interleaved with tissue equivalent absorbers can be used to reconstruct proton 
tracks with very high accuracy. This is performed through a fully automated scanning procedure 
employing optical microscopy, routinely used in neutrino physics experiments. Proton 
radiography can be used in proton therapy to obtain direct information on the average tissue 
density for treatment planning optimization and to perform imaging with very low dose to the 
patient. The first prototype of a nuclear emulsion based detector has been conceived, 
constructed and tested with a therapeutic proton beam. The first promising experimental results 
have been obtained by imaging simple phantoms. 
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proton radiography. 
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1. Introduction 
Proton therapy is becoming a widespread technique in cancer health care, with more than 
50 000 patients treated so far in about 30 proton therapy centres in operation worldwide [1]. 
Due to their characteristic Bragg peak, protons have the feature to come at rest when crossing 
matter, releasing most of their energy in the last few millimetres of their range. This is the basis 
of proton therapy, a very precise technique in cancer radiation therapy, which allows to obtain 
an optimal dose conformation while sparing at best the healthy tissues surrounding the tumour. 
A crucial issue of this technique resides on the precise knowledge of the proton range. To 
completely exploit the ballistic properties of protons, an accurate assessment of the location of 
the Bragg peak is essential for an optimized treatment planning, both in terms of patient 
positioning relative to the proton beam, and accurate prediction of the dose distribution inside 
the patient. Presently, X-rays are used for these purposes and, in particular, X-ray Computed 
Tomography (CT) provides the necessary input information for the calculation of the dose 
distributions. This implies that the Hounsfield Units (HU), coming from X-ray attenuation, have 
to be used to determine proton ranges, which, depending on the density of the traversed 
material, can be estimated only by means of a calibration curve. This procedure introduces 
uncertainties up to 5% for the proton range (see e.g. [2][3]), thus limiting the exploitation of the 
peculiar ballistic advantage of charged particles. 
The use of high-energy protons to obtain medical images of the patient’s body – the so called 
proton radiography – represents a possible solution to overcome this limitation. The first studies 
on proton radiography date back to the sixties [4] when it was demonstrated that images of very 
high contrast could be obtained [5][6] with this technique. The images are based on information 
related to the average density of the crossed material, allowing a substantial reduction of range 
uncertainties. Moreover, by means of proton radiography, the dose given to the patient is much 
less with respect to ordinary X-ray radiography, since every single proton passing through the 
patient’s body brings valuable information [7]. A drawback of proton radiography is its poor 
spatial resolution due to multiple Coulomb scattering and energy straggling. For this reason and 
the need of a complex installation to produce high-energy beams, proton radiography was 
almost abandoned after the pioneering studies in favour of other imaging techniques. 
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The present widespread of proton therapy has triggered a renewed interest on proton 
radiography, and new techniques are under study in Europe and USA. A research project was 
conducted at the Paul Scherrer Institute (PSI) to perform in vivo proton radiography with a 
system consisting of two scintillating fibre hodoscopes and a range telescope made of plastic 
scintillator tiles [8]. With this system, proton radiography images of an animal patient have been 
produced [9]. Presently, the Loma Linda University Medical Centre (LLUMC) is collaborating 
with other institutions to construct and install a detector based on a four-plane silicon track 
position measuring system, followed by a calorimeter for assessing the proton residual energy. 
The final goal is to perform a complete Proton Computed Tomography (PCT) [10][11][12][13]. 
A similar project is underway in Italy [14], based on a silicon micro-strip tracker and on a 
segmented crystal calorimeter used to characterize particle trajectories and to measure the 
residual energy, respectively. A different system consisting of a set of position-sensitive Gas 
Electron Multiplier (GEM) detectors and a scintillator stack read out by solid-state sensors is 
proposed and developed by the TERA Foundation [15]. 
In this scientific context and in the SWAN project framework, aiming at the constitution of a 
combined centre for proton therapy, radioisotope production and research in Bern [16], we 
propose an innovative technique for proton radiography, which makes use of nuclear emulsion 
film detectors. The basic principle relies on the irradiation of an Emulsion Cloud Chamber 
(ECC) detector made of two-sided nuclear emulsions interleaved with tissue equivalent plastic 
plates and located downstream of the object to be imaged. The method is an end-of-range 
technique where the position of the Bragg peak is determined by measuring the stop position of 
the protons inside the detector. This technique exploits the expertise developed for the OPERA 
neutrino oscillation experiment [17][18]. In this experiment, a renewed use of nuclear emulsion 
films as a three-dimensional tracking device was made possible thanks to the recent 
development of industrially produced emulsion films and of fast automated scanning analysis 
systems [19][20][21]. 
The proposed technique has a good potential for proton radiography and clinical beam analysis 
since modern emulsion detectors are rather cheap and easy to handle. These characteristics are 
surely valuable in a clinical environment where daily routine treatments have absolute priority. 
A simple and useful application is the characterization of proton beams in the commissioning 
phase of proton therapy clinical facilities, when the purchase and operation of expensive and 
sophisticated detectors could not be justified for only this purpose. A clear limitation of 
emulsion based detectors is the absence of a real-time response. However, the speed of modern 
scanning systems is steadily increasing and good prospects are expected for the future [22]. 
In this paper we report for the first time on the design, construction and first experimental 
results on proton radiography obtained with an emulsion detector prototype.  
2. uclear emulsions and their potential for proton radiography 
Nuclear emulsions have a very long track record as particle detectors [23] and represented an 
important tool for fundamental discoveries. They consist of a gel with silver bromide (AgBr) 
crystals where a latent track is formed after the passage of an ionising particle. Tracks can be 
visualised and analysed by optical microscopes after a specific chemical development process 
performed under controlled conditions. The development allows the formation of a sequence of 
  
– 3 –
silver grains along the particle track that, with dimensions of 1 µm or less, are well visible by 
means of optical microscopes. 
Due to their micrometric space resolution, nuclear emulsions still represent the most precise 
particle tracking device. Even within a single 50 µm layer, they allow full three-dimensional 
reconstruction of particle tracks and the measurement of energy loss. This is performed by 
evaluating the silver grain density along the particle track. 
In the past, the main limiting factor in the use of these detectors was the time consuming manual 
scanning procedure. The recent impressive development of fast automated scanning systems 
[19][20][21] has fostered a renewed interest in this technique, especially in neutrino physics, 
where the OPERA experiment [18][24] is aiming at the first direct observation of neutrino 
oscillation by means of nuclear emulsion film detectors. In the recent years, nuclear emulsions 
have been successfully applied in several other research fields [22] and in particular to 
hadrontherapy to investigate nuclear fragmentation of therapeutical carbon ion beams [25][26]. 
On the basis of the high performing tracking features of nuclear emulsion films and on the 
presently available automatic scanning systems, the application of this technique to proton 
radiography represents an interesting possibility. The basic principle is presented in Fig. 1, 
where an ECC made of a modular structure of emulsion films interleaved with tissue equivalent 
absorbers is exposed to a mono-energetic proton beam passing through the object to be imaged.  
 
Fig. 1 - Principle of proton radiography with nuclear emulsion film detectors. The range of the individual 
protons is measured by the number of crossed emulsions in the detector. Higher traversed material 
densities correspond to shorter ranges. 
The emulsion detector has to be thick enough to contain the end-of-range points of all the 
protons. The difference in density encountered by protons translates into a difference on the 
detected range. Once exposed, developed and automatically scanned, the emulsions allow 
obtaining digital data from which proton range measurements can be performed and used to 
build a proton radiography image.  
3. Construction and test of the first prototype detector 
Two phantoms to be imaged have been constructed in order to perform a proof of principle 
experiment in a simple geometry. The first phantom (Fig. 2, left) is made of 
polymethylmethacrylate (PMMA) and presents a simple 1 cm step (“step phantom”). In this 
way, protons traverse only 3 or 4 cm of PMMA. The second phantom (Fig. 2, right) has a total 
thickness of 4.5 cm and contains five 5 × 5 mm
2
 aluminium rods positioned at different depths 
in a PMMA structure (“rod phantom”).  
 
 Fig. 2 - The “step” (left) and the 
images. 
The emulsion films used for this study 
coated on both sides of a 205 
tissue equivalent absorber material, polystyrene 
the emulsions and a thickness of 0.54 mm 
To check the feasibility of this new application of nuclear emulsion films, simulations based on 
the GEANT3 toolkit [27] have been performed. 
nuclear emulsions and polystyrene layers have been considered in order to optimize the 
resolution on the proton range and to minimi
A proton beam with energy of 138 MeV 
distribution over the 10.2 × 12.5 cm
Fig. 3 – Detector structure: Emulsion f
different thickness. The structure of one emulsion film is highlighted in the inset
micro-tracks produced in the two sensitive emulsion layers
 – 4 –
   
“rod” (right) phantoms used to obtain the first proton radiography 
consist of 2 layers of 44 µm thick sensitive emulsion 
µm thick triacetate base with a surface of 10.2 × 12.5
plates with the same transverse dimensions as 
are used.  
Several configurations of ECCs made of 
ze the number of emulsions to be employed
- as the one used for the beam tests 
2 
sensitive
 
surface has been simulated.  
ilm plates are interleaved with blocks of absorber 
 together with the two 
. 
 
 cm
2
. As 
 [28].  
- and with a flat 
 
(not shown) of 
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The results of the simulations led to the design of the detector to be coupled with the two 
phantoms. As presented in Fig. 3, the apparatus is divided into two parts. The first one is made 
of 30 emulsion films, each interleaved with 3 polystyrene absorber plates, allowing tracking of 
passing through protons using a minimal number of films. The second part is composed of 40 
films, each interleaved with one polystyrene plate, allowing a precise measurement of the 
proton range in correspondence of the Bragg peak. The overall dimensions of the detector are 
10.2 × 12.5 cm
2
 in the transverse direction, and 90.3 mm along the beam. As shown in Fig. 3, 
micro-tracks are 3D segments reconstructed in each sensitive layer of an emulsion plate while 
the base-track is the line connecting the two points of the micro-tracks closest to the plastic 
base. This allows to get rid of possible distortions [18]. 
Simulation results for the system composed of the emulsion detector and the “step phantom” are 
reported in Fig. 4. All proton tracks stop in the second part of the detector, where spatial 
resolution is maximal. It has to be noted that the phantom cross section is smaller than the 
surface of one emulsion. In this way protons on the borders cross the entire detector and provide 
the necessary information for the relative alignment of the emulsions. 
 
Fig. 4 - Simulated proton tracks in the detector behind the “step phantom” clearly show the difference in 
range. 
For the evaluation of the proton range in the detector, a simulation has been performed using 
SRIM [29], a software package for the calculation of stopping power and range of ions in 
matter. For the “step phantom” the ranges inside the detector are found to be 76 mm and 86 mm 
for protons crossing 4 cm and 3 cm of PMMA in the phantom, respectively. For the “rod 
phantom” the calculated ranges are 68 mm and 72 mm for protons crossing one aluminium rod 
or PMMA only, respectively.  
The assembly of the two detectors has been performed in a dark room by piling up the emulsion 
films and the absorbers on a flat marble table. To enhance rigidity, two 1 mm thick aluminium 
plates have been located at the top and at the bottom of the stack. After the verification of the 
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alignment of emulsions and absorbers to be within 0.5 mm, the detectors have been closed using 
a special plastic foil, black towards the emulsions and reflective externally. In this way, the 
detectors are light tight. The two detectors have been stored in a laboratory located at LHEP 40 
m underground before irradiation with the proton beam to minimize cosmic ray background. 
4. Experimental results 
The clinical beam of the Gantry 1 [30] at PSI has been used for the first beam tests, as shown in 
Fig. 5. In order to be able to reconstruct proton tracks without saturating the emulsions, the 
number of protons has to be limited to 10
6
 protons on a 10 × 10 cm
2
 surface. This corresponds 
to an average dose to the patient of the order of 10
-5
 Gy. For this purpose a special low intensity 
beam setting has been used and an accurate measurement of the number of protons per unit area 
performed with a coincidence scintillating telescope.  
The two phantom-detector systems have been exposed to 138 MeV protons uniformly spread on 
the surface by means of spot scanning. The gantry was adjusted to deliver the beam 
perpendicular to the emulsions. 
 
Fig. 5 - First beam tests of proton radiography with nuclear emulsions at the Gantry 1 at PSI. The 
detector with the “step phantom” on the top is highlighted in the inset. The scintillator telescope used to 
verify the number of incoming protons is visible on the left. 
After the irradiation, the two detectors have been brought back to LHEP where they were 
disassembled and the emulsions misaligned in order to minimize the background due to cosmic-
rays. In this way, cosmic muons do not produce reconstructable tracks. The emulsions have then 
been put in closed containers and transported to the Gran Sasso National Laboratory (LNGS) of 
the Italian Institute for Nuclear Physics (INFN) where they have been developed following the 
same procedure used for the OPERA experiment [18]. 
The emulsion analysis has been performed by means of automatic scanning systems at LHEP. 
Here a specifically conceived laboratory equipped with five European Scanning System (ESS) 
[20][21][31] microscopes is active for routine scanning of the emulsions of the OPERA 
experiment. These optical microscopes are equipped with dry objectives [32], computer driven 
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motorized stages, CMOS cameras to grab images along the depth of the emulsion layer, and 
automatic robots for handling the emulsion films [33]. The equipment developed at LHEP 
allows to reach scanning speeds of 10 cm
2
 per hour with prospects for a factor 10 improvement 
in the next years [22]. Silver grains due to ionization are recognized along the path where 
charged particles crossed the emulsion. Sequences of grains are then identified and track 
information obtained and stored. The FEDRA (Framework for Emulsion Data Reconstruction 
and Analysis) program [34] has been used for the off-line reconstruction of proton trajectories 
inside the emulsion plates. 
At the energies used for this measurement, proton ionization is significantly higher than the one 
of cosmic-rays. As presented in Fig. 6, the number of grains along the track, together with the 
angular factor of merit, allows the identification of protons over a negligible background. The 
angular factor of merit is a parameter based on the angular matching between the two micro-
tracks inside one emulsion plate. 
 
Fig. 6 – The number of silver grains and the angular factor of merit allow the selection of the proton 
tracks over a negligible background. 
The proton density has been measured to be about 7 × 10
3
 protons/cm
2
, in good agreement with 
the result obtained with the scintillating telescope before the irradiation. 
For imaging the “step phantom”, an overall area of 25 × 30 mm
2
 has been scanned for each 
emulsion and all the proton tracks identified. The detector has been analysed by subdividing it 
in columns along the beam direction. The transverse area of each column is 1 mm
2
.  
The variation of the proton density as a function of the depth has been evaluated for each 
column. To calculate the residual range, data have been fitted for each column with the 
following Fermi-Dirac function:  
fz = A −
A
e
	

 − 1
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where z is the coordinate along the beam, A, R and S are free parameters. In particular, R 
represents the proton residual range. An example of one fitted distribution is reported in Fig. 7. 
 
Fig. 7 – The number of identified protons as a function of the z coordinate inside a column of 1 mm
2
. The 
fit allows the localization of the Bragg peak. 
Once the residual range is obtained for all the columns, an image of the phantom can be 
obtained by plotting R as a function of the transverse coordinates, as presented in Fig. 8. The 
shape of the phantom is well reproduced, and the residual ranges inside the detector in 
correspondence of the two thicknesses of the “step phantom” are measured to be (75.0±0.6) mm 
and (84.8±0.8) mm, where errors have been evaluated by the fitting procedure. These results are 
in good agreement with the values obtained with the Monte Carlo simulations, as discussed in 
Section 3. 
 
Fig. 8 - The measured proton range as a function of the transverse coordinates shows a clear proton 
radiography image of the “step phantom”. 
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The same approach is used for the analysis of the “rod phantom”. In this case, an area of 30 × 
75 mm
2
 has been scanned for each emulsion film and columns of 1 mm
2
 transverse dimension 
have been defined, as for the “step phantom”. After fitting, a clear image of the “rod phantom” 
is obtained, as presented in Fig. 9. The residual range in the detector for protons crossing a rod 
is measured to be (69.6±1.2) mm and (71.9±0.6) mm for those crossing PMMA only, in good 
agreement with the simulations. 
 
Fig. 9 - The measured proton range as a function of the transverse coordinates give a proton radiography 
image of the “rod phantom”. 
5. Conclusions 
We propose an innovative method based on nuclear emulsion film detectors for proton 
radiography. Prototype detectors made of nuclear emulsion films interleaved with tissue 
equivalent absorbers have been conceived, constructed and successfully tested with the clinical 
proton beam of the Gantry 1 at PSI.  
For the first time, clear images of two phantoms have been obtained, proving the principle of 
this technology and opening the way to more sophisticated tests and applications that will be the 
subject of forthcoming studies. 
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